Large bore four stroke diesel engines are widely employed in power demanding applications such as large ships and terrestrial power plants. Due to the extremely high number of cycles they are subject to (above 10 8 ), components are designed according to the infinite-life approach. Although fatigue cracks are well below the propagation threshold, concurring damage phenomena such as corrosion, wear, fretting, and overloads can trigger them, leading to failure in relatively short times and posing great challenges to an accurate root cause failure analysis. In this paper, the fatigue failure of connecting rods initiated by fretting damage is described. Fracture mechanics and Hertz theory were employed to assess the main parameters controlling the damage and to define thus appropriate corrective actions. Connecting rods which were considered to be susceptible to fatigue crack propagation were subsequently monitored through a tailored ultrasonic testing procedure.
Introduction
Fatigue is a ubiquitous problem which causes failures in numberless applications, examples being automotive, aerospace, chemical, and process industry. Due to the materials of construction (steel and cast iron), high loads (maximum cylinder pressure up to 250 bars), and expected lifetime (10 8 -10 9 cycles), large bore four stroke engines can be seriously challenged by fatigue. The extremely long life of the engine in conjunction with the requirements of high reliability and safety for human operators makes the infinite-life approach the only viable way for fatigue design. Anyhow, even though design stresses are low enough to keep fatigue cracks well below the propagation threshold, concurring damage phenomena such as corrosion, wear, fretting, and overloads can trigger them, leading to failure in relatively short times and posing great challenges to an accurate root cause failure analysis.
In this paper, a specific case study, the fretting fatigue failure of connecting rods, is described. It is shown how simple calculations based on Hertz theory and fracture mechanics can be of help in the choice of appropriate corrective actions, nondestructive testing being a fundamental support for monitoring their effectiveness.
Fretting fatigue crack initiation in connecting rods
In the period from 2009 to 2010, three installations were affected by failure of connecting rod caps in a rapid sequence. The features of the failures were remarkably similar, as shown in Fig. 1 . Already at a visual inspection level, fretting damage was noticed on the big end bearing housing, mainly located in the area of the lube oil channel (Fig. 2a) . The crack which led to failure was clearly starting from this area. The final resisting section was found to be 15-20% of the initial section, suggesting that the applied nominal stress was quite low (Fig. 2b) . The metallographic inspection of the cross-section showed several cracks, 0.1 to 0.3 mm deep, inclined by 45° (Fig. 2c) . This feature can be attributed to high under-skin shear stresses due to adhesion spots produced by fretting on mating surfaces. Smaller cracks were found also in the rest of the upper part of the housing. The material of the connecting rods was found to fulfil the requirements of the quality instructions. Table 1 and 2 report respectively chemical composition and mechanical properties of the quench hardened and tempered steel.
Connecting rods were designed on basis of a stress analysis carried out via a nonlinear finite element model. Although the model confirmed that the most stressed area is that where cracks propagated, the maximum ideal stress is about 135 MPa, much below the fatigue limit of the material. It was therefore concluded that the failures could not be attributed to an incorrect fatigue design, which would have otherwise affected much a higher number of parts.
A common cause of fretting is too low a radial pressure. Radial pressure is a fundamental parameter as it must be high enough to prevent sliding of the bearing shell into the housing, which originates adhesion spots that are the first stage of fretting damage, and low enough not to exceed the strength of the materials under contact. A simple way to evaluate it is via the bearing crush height, defined by ISO 6524. Using classical Hertz theory, it can be in fact shown that the radial pressure P rad and the crush height I c are linked by the following relation:
where K s and A p are respectively the stiffness of the bearing and its projected area when fit into the housing. It was found that the design radial pressure was close to the lower limit of the prescribed range. It was also noticed that two of the three cracked connecting rods were reconditioned during scheduled maintenance operations and the housing oversized by machining to remove fretting. As a consequence, crush height was further reduced and fretting was instead aggravated. It was thus concluded that bearing radial pressure was not sufficient to hinder micro-slips at the origin of fretting damage, from which cracks were then allowed to initiate and grow under oscillating stresses.
Some simple calculations were performed to give a theoretical support to these findings. The portion of fatigue life spent for crack propagation was estimated via the classical Paris law
, under the assumption of a stress ratio equal to zero. The fitting parameters C and m were obtained by undisclosed internal tests, while the stress amplitude was taken from the original finite element model. In order to integrate the law, the initial and final crack lengths have to be specified. The longest crack found without failure is about 0.42 mm, which was therefore chosen as the initial crack length. The final length was fixed at 110 mm on basis of the remaining cross-section of the failed parts. Under these assumptions, the number of cycles spent for crack propagation came out to be about 10 5 , which is fully negligible compared to the expected lifetime of the component (above 10 8 cycles). More sophisticated fatigue crack growth models are not expected to change significantly the outcome, with the crack propagation life always resulting in few percentage points of the total one.
An attempt to explain the threshold crack length was made using fracture mechanics concepts. The threshold stress th required for a crack of length a to propagate can be put in relation with the fatigue limit of a smooth specimen 0 via the El Haddad-Topper-Smith equation [2] : where the shape factor 2 was applied to account for the geometry of a real component [3] . The material constant a 0 is defined by the relationship: Equation (2) provides a simple way to assess quantitatively the fatigue strength reduction due to the presence of a crack, but does not consider the stress raising effect due to fretting. On basis of a simplified stress analysis, the stress concentration factor was estimated to be around 2. According to internal test results, the fatigue threshold K th and the pulsating fatigue limit 0 are respectively 7.7 MPa m and 384 MPa, while equals 0.704 for a 45°-inclined edge crack [4] . By introducing these data into Equation (2) a crack depth of 0.327 mm was obtained, in fairly good agreement with the value experimentally observed. According to these considerations, the following explanation for the failure can be given: i) fretting initiated cracks at the housing surface; ii) some cracks grew to a length which reduced the fatigue limit enough to make it equal to the local stress; iii) purely fatigue-driven crack growth was then possible and led to failure in a few cycles. An estimation of the number of cycles required for the initiation of fretting cracks was beyond the scope of this study, but given the limited number of parts involved in the failures and the very long service life (above 70000 running hours) compared to the short times required for a critical crack to propagate until rupture, it is reasonable to assume that it took many million cycles.
Two actions were undertaken to mitigate fretting damage: (a) increase of the bearing crush height, to allow for a higher radial pressure and therefore hinder sliding between the bearing shell and the housing, and (b) shot peening of the bearing housing, to improve the sliding resistance and reduce the sensitivity to defects.
The latter point deserves some more comments. The beneficial effect of shot peening on fatigue strength is well known, with many examples reported in the literature. This mechanical treatment has been employed with success also to enhance the fretting fatigue resistance, especially for aerospace alloys such as A7075-T6 and Ti6Al4V [5, 6] . Experimental findings suggest that shot peening almost does not affect crack initiation, but effectively hinders fretting crack growth by its compressive residual stress layer [7] . With an Almen intensity of 12 A (0.3 mm) and the tensile strength in Table 2 , the equation reported by Wang [8] gives a compressive depth of 0.296 mm, which is close to the depth of the longest fretting crack found on connecting rod caps. It is therefore expected that such compressive stresses do not allow fretting cracks to grow to a length which is critical to fatigue resistance.
As a parallel action, a non-destructive ultrasonic-based inspection protocol was set to monitor connecting rods which were thought to be susceptible to excessive fretting damage. A 45°-angled probe was employed for the measures and a calibration factor was introduced and further refined as the amount of available data grew. As ultrasounds allow collecting only two-dimensional information, a critical defect area was defined. There where the value was exceeded, immediate replacement of the part was carried out. This method was proven to be effective in detecting parts potentially prone to fatigue failure and was validated by destructively investigating two of them. Magnetic particles inspection confirmed the presence of a crack in the location predicted by ultrasonic testing. The cracks were then force opened to allow an accurate comparison between the expected and real fracture surface extension (Fig. 3) . The protocol was thus validated as a way to predict the incipient failure with good enough accuracy. None of the connecting rods subject to the above mentioned changes were affected by further failures. Fig. 3 . Cracks found on inspected connecting rod caps after forced opening.
